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OUTLINE

» Motivation and scenario
= Raman amplifier design
= Raman amplification analysis
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Increasing Internet demand
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= To face the continuously growing
internet data traffic, the increasing
capacity demand and the new
requirements of 5G networks

= Improve digital signal processing (DSP)
techniques

= |mprove transmission medium
= Exploit space division multiplexing (SDM)
= Extend transmission band from C-band
towards multi-bands (O,E,S,C and L)
= Exceedingthe optimal working region of

Erbium Doped Fiber Amplifiers (EDFAS)
covering C+L-band

Other (2.1%,3.9%)
W Tablets (4%,3%)

PCs (7%,4%)
®TVs (13%,11%)
BNon-Smartphones (13%,5%)
® Smartphones (27%,23%)

mM2M (33%, 50%)

@3 (n) refer to 2018, 2023 device share

Source: Cisco AnnualInternet Report, 2018-2023

https://www.cisco.com/c/en/us/solutions/collateral/executive-
perspectives/annual-internet-report/white-paper-c11-741490.html|
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Extend transmission band

= Possible amplification schemes when moving from C-band towards
multi-bands
= Hybrid Erbium/Bismuth Doped Fiber Amplifier + Raman Amplifier (xDFA+RA)
= Pure Raman Amplifier (RA)
= Semiconductor Optical Amplifier (SOA)

= [n particular, RAs are gaining a lot of attention thanks to
= Availability of ultra-wide amplification over multi-bands (O, E, S, C and L bands)

= Possibility to provide flexible and programmable gains by properly adjusting
pump powers and frequencies

= Lower noise figure than other amplification schemes in case of distributed
Raman amplification along the optical span
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Design of a Raman Amplifier

= By a proper tuning of Raman pumps (powers and frequencies) it is possible to obtain
a desired gain
= Flatgain overthe transmission bands

= Tilted or arbitrary gains when used as a gain flattening tool to correct the tilt due to the
inter-channel stimulated Raman scattering (ISRS) effect (in particularin a multi-band
scenario) or the EDFA tilt

2 1 | 1 p | T I 160 g
£ L-band C-ban A A —A Pump 1 t
o A —A Pump2|120 =
° L Pump 3 B g
_g S —A Pump 4 B0 g_
E ,"_7<\ —A Pump 5 a0 g_
S @ — 2
Z 0 ‘ ; 0 o
180 185 190 195 200 205 210 215 220
Frequency [THz]
o 1 160 =—
£ L-band ' Cband T ! A Fump 1 2
8 A —aA\ Pump2 |7 120 E'
k-] Pump 3
N 0.5 S A —A Pump4 80 §.
E T —A Pump 5 40 =
E
£
e | | .
180 185 190 195 200 205 210 215 220
Frequency [THz]
o 1 = 160 —
£ L-band  C-band ! ' R e — 2
o —A Pump2|]120 =
° L Pump 3 B g
805 ’\—\ A Pumpa| |80 g
© —4A\ Pump5 a
£ ? 40 2
© 0 ! I —_— ] 14 1 0 &
180 185 190 195 200 205 210 215 220

Frequency [THz]

@OPTCOM 7




Strategies to design a Raman Amplifier

= |tis achallenging optimization problem because of the nonlinear ordinary differential equations (ODES)
that needs to be solved for different boundary conditions (both begin and end of the optical span link)

» Different strategies have been studied

= Genetic Algorithms (GA)
= Machine Learning (ML)

= Other optimization strategies (e.g. Sequential Least Squares Programming (SLSQP) algorithm)

Efficient use of hybrid Genetic Algorithms in the
gain optimization of distributed Raman
amplifiers

B. Neto'?, A. L. J Teixeira'®, N. Wada®, P. S. André"?

1 Instituio de Telecomunicagées, Campus Universiiario de Santiago, 3810-193 Aveiro, Portugal
"‘Depm tamento de Fisica, Campus Universitario de Santiago, 3810-193 Aveiro, Portugal
* Departamento de Electrénica, Telecomunicacdes e Informdrica, Campus Universitario de Santiago, 3810-193
Aveire, Portugal
* National Institute of Information and Communications Technology, 4-2-1 Nukui-Kitamachi, Koganei, Tokyo 184-
8795 Japan
“Corresponding author: bneto@av.it.pt

Optimization of Distributed Raman
Amplifiers Using a Hybrid Genetic
Algorithm With Geometric
Compensation Technique

Gustavo C. M. Ferreira,’ S. P. N. Cani,2 M. J. Pontes,' and M. E. V. Segatto’

"Department of Electrical Engineering, Federal University of Espirito Santo,
Vitéria 29060-970, Brazil
2Department of Electrical Engineering, Federal Institute of Espirito Santo, Vitéria 29040-780, Brazil

DOI: 10.1109/JPHOT.2011.2140366

IOP Publishing Journal of Optics

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 4, FEBRUARY 15, 2020

Inverse System Design Using Machine Learning:
The Raman Amplifier Case

Darko Zibar"?, Ann Margareth Rosa Brusin"”, Uiara C. de Moura ™, Francesco Da Ros ™, Vittorio Curri,

and Andrea Carena

JOURNAL OF LIGHTWAVE TECHNOLOGY

Model-aware Deep Learning Method for Raman
Amplification in Few-Mode Fibers

Gianluca Marcon, Andrea Galtarossa, Fellow, IEEE/OSA, Luca Palmieri, Member, IEEE/OSA,
and Marco Santagiustina, Member, IEEE

J. Opl. 20 (2018) 025702 (6pp) hitps://doi.org/10.1088/2040-8986 /aaa2at

ICTON 2019

We.B7.3

Efficient design of gain-flattened multi-pump
Raman fiber amplifiers using least squares
support vector regression

Jing Chen®, Xiaojie Qiu, Cunyi Yin and Hao Jiang

College of Flectrical Engineering and Automation, Fuzhou University, Fuzhou 350116, People’s Republic

Machine Learning for Ultrawide Bandwidth Amplifier

Configuration

Maria Ionescu*
Nokia Bell Labs Paris-Saclay, Nozay, 91620, France
*e-mail: maria.ionescu@nokia-bell-labs.com

of China

SOPTCOM

2020 International Conference on Optical Network Design and Modeling (ONDM)

Softwarized and Autonomous Raman Amplifiers
in Multi-Band Open Optical Networks

Giacomo Borraccini*(), Alessio Ferrari®®). Stefano Straullu(®) . Antonino Nespola(z), Andrea D’Amico®
Stefano Piciaccia®, Gabriele Galimberti®), Alberto Tanzi®, Silvia Turolla®, Vittorio Curri(!)

() Politecnico di Torino, Turin, Ialy; (2)LINKS foundation, Turin, Italy; (®) Cisco Photonics, Vimercate, Ttaly
*giacomo.borraccini@ polito.it

8



Machine Learning-based RA design over C-band
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Machine Learning-based RA design over S+C+L-band
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Machine Learning for Raman Amplification Analysis

» |n general, Raman amplification based on stimulated Raman scattering (SRS) is
modeled by a set of ODEs describing the power evolution along frequency and spatial
positions [3]:

[31]). Bromage, ‘Raman Amplification for

dPSl N _ . . . !
. L= g P+ Co(hei o PF + PP Fiber Communications Systems', Journal of
— ) sPsi R( s,i pJ)[ D,J p,]] S,i Ligthwave Technology, vol. 22, no. 1, pp.
It - 79-93, 2004.
E}l —_— i —_ S’l . » 9 i ’
"I T Wl (Ap,j) CR()\SJ'}\PJ)P siFp.j
dpri. + +
= £ A= =P+ Cr(Aaihp ) PpiBili + CR(Aaihp, 1)1 + M(TDIRVA BrerBy

dz
with i identifying the signal channel for i = {1, ...,n.,} and j identifying the pump for
j=1L ---rnpumps}
= Not practical in future optical networks providing
= Self-resource allocation

= Self-automation for fast routing

= Adaptability to partial traffic allocation due to different spectral loads (no longer almost static traffic
only)

Machine Learning as ultra-fast tool to predict
Raman gain and ASE noise profiles
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Neural Networks Aware of Spectral Loads

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 23, DECEMBER 1, 2020

[4]

[4] A. M. Rosa Brusin, U. C. de Moura, V. Curri, D. Zibar and A. Carena,
"Introducing Load Aware Neural Networks for Accurate Predictions of

IntrOdUCIHg LO ad Aware Neural Networks fOf Raman Amplifiers," in Journal of Lightwave Technology, vol. 38, no. 23,
. . . pp. 6481-6491, 1 Dec.1, 2020, doi: 10.1109/JLT.2020.3014810.
Accurate Predictions of Raman Amplifiers AR
[5] GNPy, [Online]. Available:
A. Margareth Rosa Brusin . Uiara C. de Moura ™, Vittorio Curri, Darko Zibar ™, and Andrea Carena https://github.com/Telecominfraproject/ooptgnpy
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OUTPUT
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/” DISTRIBUTED RAMAN AMPLIFIER \
1 Nen SMF (Lgpgn = 100 km) ’\/_

z 0
HIH HIII_, IT11T 185 oo f[THa

f [THz] . )
185 196 : “mF]ZS N(f) ASE noise
( 1IP1I"'I 5, PS)
= C+Lband: f €[185,196] THz \_ W, )
= Ng =220 channels (50 GHz NUMERICAL RAMAN SOLVER [5]

frequency slot spacing, TmW _ > £ [THz]
power per slot) Pump frequencies: K 185 19 /
f1 =210.37 THz, f, =207.14 THz,
f3=204.01 THz, f,=200.97 THz,
* Fullload data-set fz = 198.03 THz ’

= Partial load data-set Pump powers:
P; € [0,250lmW withi=1,...5
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Dataset generation: WDM comb

= 220 channels of 50 GHz carrying
1T mW of power SOLUTION
* Full load: all the frequency slots are = 10 adjacent frequency slots
ON (already considered in [6]) grouped together to form a sub-
= Partial load: each frequency slot can band
be ON or OFF

» Each sub-band is 500 GHz wide

= |n partial load scenario: 2220 )
possible combinations + pump gp%ggn SISO,
power arbitrariness
= Total of 22 sub-bands over the
‘ entire 11 THz C+L-band
= 12 sub-bands in the L-band
TOO LARGE! = 10 sub-bands in the C-band

[6] A. M. Rosa Brusin, V. Curri, D. Zibar and A. Carena, ‘An Ultra-Fast Method for
Gain and Noise Prediction of Raman Amplifiers', ECOC, Dublin, Ireland,
September 2019, paper Th1C3.
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C- | B B . 1
band - from 2 to10 sub-bands 185 196 fif Bt s £[THz]

<«— L-band > C-band —

OPTCOM 15




Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C- | O §, 1
band = from 2 to10 sub-bands 185 196 f

<«— L-band > C-band —
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Dataset generation: Classes of datasets

» Classes of data-sets:
= Class C: only sub-bands in C- | NN BN I TH .
i i 1

band - from 2 to10 sub-bands 185 196 f:f: i s £[THz]

<«— L-band >< C-band —

OPTCOM 17




Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C- , BN N PRRE t.t i
band = from 2 to10 sub-bands 185 196 f: ;2 f, f, f fTTHz]

<«— L-band >< C-band —
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band = from 2 to10 sub-bands : IRNNERNANE 111 >
185 196 12 fifa s f[THg]

<«— L-band > C-band —

e.g. Sub-class: 4 sub-bands ON

= Within each class we can e S e I:IT‘T]‘  [THZ]
identify sub-classes,
corresponding to the number | Il R TI* 1 X
of sub-bands turned ON 185 196 fi 2 ffu fs f [THz]
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band - from 2 to10 sub-bands

= Class L: only sub-bands in L-
band - from 2 to12 sub-bands

= Within each class we can
identify sub-classes,
corresponding to the number
of sub-bands turned ON

SOPTCOM

, DO t:fts
185 196 fifafsfafs £ [THg]
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band - from 2 to10 sub-bands

= Class L: only sub-bands in L-
band - from 2 to12 sub-bands

= Within each class we can
identify sub-classes,
corresponding to the number
of sub-bands turned ON

SOPTCOM

, DO t:fts
185 196 fifafsfafs £ [THg]
<«<— |-band >< C-band —

N AMN LIt
185 196 i 3fafs £ [THZ]
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band - from 2 to10 sub-bands

= Class L: only sub-bands in L-
band - from 2 to12 sub-bands

= Within each class we can
identify sub-classes,
corresponding to the number
of sub-bands turned ON

SOPTCOM

: DO t:fts
185 196 fifafsfafs £ [THg]
<«<— |-band >< C-band —

telte |
185 196 fifafsfafs £ [THz]
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band - from 2 to10 sub-bands

= Class L: only sub-bands in L-
band - from 2 to12 sub-bands

» Class C+L: sub-bands in C+L-
band = from 2 to 22 sub-bands
(i.e. full load)

= Within each class we can
identify sub-classes,
corresponding to the number
of sub-bands turned ON

SOPTCOM
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band - from 2 to10 sub-bands

= Class L: only sub-bands in L-
band - from 2 to12 sub-bands

» Class C+L: sub-bands in C+L-
band = from 2 to 22 sub-bands
(i.e. full load)

= Within each class we can
identify sub-classes,
corresponding to the number
of sub-bands turned ON

SOPTCOM

: DO t:fts
185 196 fifafsfafs £ [THg]
<«<— |-band >< C-band —

Ctelty
185 196 fifafsfafs £ [THz]
«— |L-band —><+— C-band —
 MONTTMEEmE st |
185 196 fifafafafs £ [THz]

<«— L-band > C-band —
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Dataset generation: Classes of datasets

» Classes of data-sets:

= Class C: only sub-bands in C-
band - from 2 to10 sub-bands

= Class L: only sub-bands in L-
band - from 2 to12 sub-bands

» Class C+L: sub-bands in C+L-
band = from 2 to 22 sub-bands

(i.e. full load)

= Within each class we can
identify sub-classes,
corresponding to the number
of sub-bands turned ON

SOPTCOM

: DO t:fts
185 196 fifafsfafs £ [THg]
<«— L-band >< C-band —
Ctefty
185 196 fifafsfafs £ [THz]
«— |L-band —><+— C-band —
I 0t
185 196 fifafafafs £ [THz]
<+«— L-band >< C-band —

=

» Fullload data-set: 5000 cases for Class C+L

with 22 sub-bands ON
= Partial load data-set: 500 cases for each class

and sub-class, for a total of 11000 cases
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Effect of partial loads on Raman gain and ASE noise profiles

= To analyze the effect of different partial loads with respect to a fully
loaded input spectrum we consider the following scenario
= C+L band: f € [185,196] THz
» Fixed pump powers and frequencies
" f,1.5=[210.51 207.28 204.15 201.11 198.16] THz
= P, 5= [246.7237.7 194.2 192.7 168.8] mW

= We generate the Raman gain (ON-OFF gain) and the ASE noise profiles
for the full load case

= To emulate the partial loads, for each sub-class (hnumber of sub-bands
ON from 1 to 21) we generate 100 different load configurations with
randomly selected sub-band position in the entire transmission band

» Then considering these different partial loads, we generate the
corresponding gain and noise profiles by means of the numerical
Raman solver
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Example of effects of partial loads on Raman gain profiles
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Machine Learning Framework

Load Unaware NN (LU-NN) Load Aware NN (LA-NN)
W) W
(o ===\
G(fy) 3 ! G(f,)
P, gEfN)(ﬂ) Raman Pump ngl\;(ﬂ) Raman
O ¥ gain powers 5 gain
Polerr;ES e Or N(f3) profile or Pnp @ /) or N(f,) profileor
P ASE S, ASE
P noise Spectral , noise
Np ‘ ‘ G(stb) proflle load SNSb . G(stb) prOflle
—— or N(fysp) S or N(fysp)
x y=f(x) ¥y x y=fx) ¥

= Two separated data-sets are considered: training data-set and testing data-set, for the two stages
of the process
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Neural Network Validation Process

NUMERICAL
RAMAN SOLVER

Target profile
Ytarget

SOPTCOM

_— P L LUNN

data
. . LA-NN

TRAINED NEURAL
NETWORK

COMPARISON
Maximum error;

ETTOTMAX = ier{rial\)l(b}l Ypred,i(f) - Ytarget,i(f)'
LAY

Root-mean-square-error (RMSE):

Nsp
1
RMSE = \/E(ypred,i(f) - Ytarget,i(f))z

N
sb =1

Predicted profile

Ypred
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Testing Results: LU-NN vs LA-NN

RAMAN GAIN PREDICTION

ASE NOISE PREDICTION
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Testing Results: LA-NN performance vs sub-band spectral occupation

Raman gain prediction
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Testing Results: LA-NN performance vs sub-band spectral occupation

Raman gain prediction
| | | | | |

T o i A A

o —
S
|

. £
ot
|

L-band
| | | | | | | | | | | | | | | | | | |

2 3 4 ) 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Sub-band index (from lower to higher wavelength)

Prediction errors [dB]
N
e
-

[

S

|

== A
Eﬂ

&

o

5

o

L0
; 2 0.5 |
g s ) |
%5 SZ Bogos! i
° S wm w0
2 = o
< £t l
© % & g ;
S = % % 0 :l— Box: 50% of cases
S '3 a2 ;
1 Q:.q Q-‘;_‘
Yo}
d
ip Sub-band index

@OPTCOM 52




Testing Results: LA-NN performance vs sub-band spectral occupation

Raman gain prediction
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Testing Results: LA-NN performance vs sub-band spectral occupation

Raman gain prediction
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Testing Results: LA-NN performance vs sub-band spectral occupation
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Conclusions

= Several works have shown that ML is a promising, ultra-fast
and highly accurate tool for the design of Raman amplifiers,
in particular in a multi-band scenario

= Moreover, when moving towards multi-band transmissions
(in our case C+L band), partial loads may have non-negligible
Impact on Raman amplification gain and ASE noise profiles
due to ISRS

= ML can be also used for ultra-fast and highly accurate
predictions of gain and noise profiles

= [n case of partial loads a LA-NN is necessary to take into account
the different spectral loads
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